ABSTRACT The amyloid-b (Ab) peptide is a key aggregate species in Alzheimer's disease. Although important aspects of Ab peptide aggregation are understood, the initial stage of aggregation from monomer to oligomer is still not clear. One potential mediator of this early aggregation process is interactions of Ab with anionic cell membranes. We used unconstrained and umbrella sampling molecular dynamics simulations to investigate interactions between the 42-amino acid Ab peptide and model bilayers of zwitterionic dipalmitoylphosphatidylcholine (DPPC) lipids and anionic dioleoylphosphatidylserine (DOPS) lipids. Using these methods, we determined that Ab is attracted to the surface of DPPC and DOPS bilayers over the small length scales used in these simulations. We also found supporting evidence that the charge on both the bilayer surface and the peptide affects the free energy of binding of the peptide to the bilayer surface and the distribution of the peptide on the bilayer surface. Our work demonstrates that interactions between the Ab peptide and lipid bilayer promotes a peptide distribution on the bilayer surface that is prone to peptide-peptide interactions, which can influence the propensity of Ab to aggregate into higher-order structures.
INTRODUCTION
Neurodegenerative disorders, including Alzheimer's disease, share a similar mechanism of toxicity (1,2), namely, aggregation of unfolded peptides into amorphous oligomers that coalesce to form an ordered fibril. It is of great importance to understand both the exact steps behind fibril formation from the monomer state and the means of toxicity in these diseases. By further defining integral steps in the aggregation pathway for neurodegenerative disorders (in this work, Alzheimer's disease in particular), we can gain greater insight into the toxic mechanisms and potential therapeutic approaches for a host of fatal diseases.
One of the major aggregate species in Alzheimer's disease is the amyloid-b (Ab) peptide (3) (4) (5) (6) . Ab is a 38-42 amino acid cleavage product of the amyloid precursor protein, a large transmembrane protein of unknown function in the cell (3) (4) (5) . Ab contains two domains: a charged domain at the N-terminus and a hydrophobic domain situated at the C-terminus. NMR results (7, 8) show that Ab has a random coil structure in solution at pH 7. Upon onset of Alzheimer's disease, Ab forms soluble oligomers that aggregate to form ordered fibrils with b-sheet morphology in the hydrophobic domain, as determined through solid-state NMR and electron microscopy (9, 10) . In this aggregation process, the steps involved in the initiation of aggregation from monomers to small oligomer structures are not well determined. There are many aspects of cellular function that may play a significant role in the early stages of Ab aggregation, such as cellular pH (11) , salt concentration (12) , covalent attachments of Ab due to oxidation, and interactions of Ab with metal ions (13) . However, one hypothesis (14-16) that shows promise for explaining both the early steps of aggregation and the effect of certain risk factors in Alzheimer's disease is the interaction between Ab and cellular membranes. This hypothesis postulates that interactions between Ab and lipids promote conversion of disordered Ab into a partially folded intermediate that will aggregate under favorable conditions. The membrane can affect soluble proteins through a variety of ways: electrostatic interactions between amino acids and charged headgroups (14) (15) (16) (17) (18) , new partially folded or unfolded free energy minima at the surface (14) (15) (16) (17) (18) , increased aggregation due to faster diffusion over a two-dimensional (2D) surface (14) (15) (16) (17) (18) , and a lower surface pH due to anionic lipid headgroups (17) (18) (19) . In this work, we investigate these lipid-peptide interactions using molecular dynamics (MD) simulations and identify properties of lipid bilayers that may promote peptide-peptide interactions characteristic of aggregation.
Experimental investigations have been able to replicate the aggregation of Ab peptides in vitro quite accurately. For the most part, the experimental conditions for in vivo and in vitro aggregation are similar; however, one significant difference is that in vitro aggregation requires a much higher peptide concentration (approximately micromolar concentration) to induce aggregation than in vivo aggregation (approximately submicromolar peptide concentration) (20) (21) (22) . One potential hypothesis (14) (15) (16) to explain this discrepancy proposes that interactions with the cell membrane promote altered function and aggregation in vivo. This hypothesis is well founded in biology through signal peptide binding to bilayers during signaling cascades (23, 24) and in peptidelipid binding in toxin-related cell death (23, 24) . Early experiments that used circular dichroism (CD) spectroscopy to follow structural changes for Ab incubated with lipid vesicles demonstrated that zwitterionic lipids headgroups (19) (20) (21) , such as phosphatidylcholine (PC), did not significantly affect peptide structure. However, when Ab was incubated with anionic lipid headgroups (19) (20) (21) , such as phosphatidylserine (PS), a clear conversion from a random coil to b-structure was observed. Further, imaging experiments demonstrated that Ab was aggregating into fibrils at concentrations near in vivo aggregation conditions in the presence of vesicles (25, 26) . 31 P-NMR (27) and x-ray reflectivity (22) results have shown that Ab peptides interact with anionic lipids and lead to significant alteration of the properties of the bilayer itself. These results provide a clear demonstration that lipids can fundamentally impact the aggregation pathway for Ab; however, investigators have not been able to determine the exact interactions that are occurring on the bilayer surface that force this conformational change. Some controversies (15) also exist regarding the extent of interactions between Ab and anionic lipids. In an experimental work (28), a claim was made that Ab-anionic lipid interactions are weak or nonexistent under certain conditions. Therefore, a detailed understanding of the interactions between Ab and lipids at the bilayer surface will be integral to resolving these controversies.
Although most experimental approaches do not have the necessary resolution to determine direct protein-lipid interactions on a single-molecule level, MD simulations provide an ideal approach to this system. MD with explicit (29-32) and implicit (30, (33) (34) (35) solvent and free energy (31, 33, 35) calculations has been used to study peptide-lipid interactions with good agreement with experimental results. Further, MD has been used extensively with Ab (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . Single-peptide MD simulations confirm a random coil structure for Ab in solution; however, a transient b-hairpin structure is seen in longer-duration (36, (39) (40) (41) (42) , replica-exchange (45, 46) , and low-pH (40) simulations. Previous studies used MD simulations of Ab with lipid bilayers (42, 47) to investigate the stability of a preinserted Ab in a zwitterionic bilayer, but did not investigate the effect of headgroup charges and other bilayer properties on Ab structure or stability near the bilayer surface. This previous computational work with Ab further supports the use of MD for investigating the details of Ab peptide-lipid interactions.
To examine peptide-lipid interactions in this system, we calculated the free energies of peptide binding to the bilayer surface for various lipid headgroup charges and peptide charges. The chosen lipids for these studies have zwitterionic PC and anionic PS headgroups. Lipids with PC headgroups are the most abundant lipids in neural membranes (48) . Lipids with anionic PS headgroups play an integral role in localization to cell membranes and programmed cellular death mechanisms (49) . Anionic lipids decrease local surface pH (17) (18) (19) , so it is essential to vary both lipid charge and the peptide charge to understand the influence of electrostatics on the system. By investigating both electrostatic and hydrophobic aspects of the Ab-bilayer interaction, we can obtain a more detailed picture of the influence of membranes on Ab aggregation. The results from this work will help to determine the validity of the cell membrane as a catalytic element in Ab aggregation, and, with knowledge of the toxic mechanism of this class of similar neurodegenerative diseases, will assist in the future treatment and prevention of such diseases.
MATERIALS AND METHODS

Simulations in solution
Two structures were chosen for simulations of the 42 amino acid Ab peptide both in solution and near the bilayer surface. By using two structures, one can eliminate some of the bias inherent to having an ordered starting structure. The first structure is Protein Database (PDB) code 1Z0Q and represents a random coil with some helix content as determined by NMR (8) . The structure used in calculations was the first NMR structure (8) given in the file deposited in the PDB. The second structure is PDB code 2BEG, which is one peptide taken from the structure of an Ab fibril as determined by solid-state NMR (9) . Residues 1-16 in the N-terminal tail were unstructured and were not included in the PDB file. Therefore, these residues were added using the SYBYL software program (Tripos, St. Louis, MO). This b-hairpin structure is controversial because it is not universally accepted as the accurate monomer structure in fibrils (10) . Recent results (10) have shown that the b-sheet structure detected in fibrils may be shared between two monomers. However, for this work, the b-hairpin structure is used because it represents the potential b-structure that can be formed from a monomer of Ab. All structures from the PDB were edited using GROMACS software to convert the structures to a united atom format described by the GRO-MACS force field (50, 51) . Along with the two initial structures used for the simulations, three charge states of Ab were used. At pH 7, Ab has a À3 charge due to six aspartic and glutamic acid residues and three lysine and arginine residues, assuming uncharged termini. At pH~5, three histidine residues become protonated (19) to give Ab a neutral charge. Then, at low pH values, the aspartic and glutamic acid residues are protonated to give Ab a þ6 charge. The termini were uncharged in these simulations so that the effect of peptide charge on the peptide-lipid interactions would be isolated to the amino acid side chains only. GROMACS utilities (50, 51) were used to change the protonation state of relevant histidine, aspartic acid, and glutamic acid residues to give the appropriate charge for the peptide state. The combination of two initial structures and three pH states for each structure produced a set of six simulations performed in solution.
Each structure was solvated in a 6.4 nm Â 6.4 nm Â 8.1 nm box, with Na þ or Cl À counterions added to the system to balance the peptide charge, and NaCl salt added to produce a near-physiological concentration of 0.1 M NaCl (Table 1 a). The system was equilibrated with a 3 ns MD simulation, and then 80 ns MD simulations were performed for analysis. Temperature was held constant at 323K using a Nose-Hoover (52) scheme with a relaxation time of 0.5 ps under constant volume (NVT) conditions. All bonds in the system were constrained with the LINCS algorithm (53), which allowed a time step of 3.5 fs. Long-range electrostatics were handled using the SPME algorithm (54) , and periodic boundary conditions were used in all three dimensions. The SPC/E model (55) of water was used for all simulations. Secondary structure was calculated using the DSSP package (56) in GROMACS.
Unconstrained simulations on DPPC and DOPS
The six conditions used for Ab simulations in solution were again used for simulations near a dipalmitoylphosphatidylcholine (DPPC) and dioleoylphosphatidylserine (DOPS) bilayer. Although direct biological considerations would promote the use of lipids such as palmitoyloleoylphosphatidylcholine (POPC) and dipalmitoylphosphatidylserine (DPPS) for our simulations, bilayers containing these lipids differ substantially in their area per headgroup. Since surface charge density is an important parameter for studying electrostatics, we decided to choose PC and PS lipids that have very close areas:
Biophysical Journal 96(3) 785-797 DPPC and DOPS. Thus, our model lipid bilayers still contain biologically relevant headgroups. Initially, both bilayers were brought to an equilibrated state before a peptide was placed near the bilayer. For both the DPPC and DOPS bilayers, a single lipid molecule was built using the SYBYL package, which was then used to create a symmetric 128 lipid bilayer. The DPPC bilayer was equilibrated for 30 ns with 3654 water molecules on the bilayer. The computational details for these simulations are similar to those used for previous simulations with Ab in solution; however, a constant pressure ensemble (NPT) was used to allow the bilayer to reach an appropriate area per headgroup. The Parrinello-Rahman pressure coupling scheme (57) was used with a barostat relaxation time of 2.0 ps at a pressure of 1 atm. Further, the lipid force field parameters were taken from the work of Berger et al. (58) . These simulations used a time step of 4 fs. The DPPC equilibration resulted in an area per headgroup value of 63.6 Å 2 , which is in agreement with previous experimental (59) and computational (60) results. The DOPS bilayer was also equilibrated for 30 ns with 128 Na þ counterions and 4102 water molecules on the bilayer. The DOPS bilayer equilibration resulted in an area per headgroup value of 63.9 Å 2 , which is also in agreement with experimental (61) and computational (62) For these simulations on DPPC and DOPS bilayers, the peptide center of mass (COM) was placed at a distance of 6.0 nm and 6.2 nm, respectively, from the bilayer COM. This distance ensured that the peptide was completely surrounded by solvent and that no portion of the peptide would be influenced by short-range interactions with the bilayer surface due to the initial configuration of the simulation. The Ab-bilayer system was then simulated, after energy minimization, for 80 ns. Simulation conditions were similar to the previously described Ab simulations in solution. A constant volume (NVT) ensemble was used with a time step of 3 fs at a constant temperature of 323K with periodic boundary conditions along all three dimensions. All secondary structure analysis was performed using the DSSP package (56) in GROMACS.
Umbrella sampling simulations with Ab near DPPC and DOPS
To calculate the free energies of binding of Ab to the surface of DPPC and DOPS bilayers, umbrella sampling (63,64) was performed. Previous experimental evidence has demonstrated that Ab has a random coil structure (7, 8) in solution. Therefore, only one starting structure was used for umbrella sampling simulations because these calculations were set up to closely replicate an Ab peptide approaching a bilayer from solution. The final structures from the simulations using the b-hairpin initial configuration of Ab in solution were all predominantly random coil at the end of the 80 ns simulation and thus were ideal as starting structures for these umbrella sampling calculations. To improve sampling, three initial configurations were used for the Ab-bilayer system. First, the peptide was placed so that it was parallel to the bilayer surface and neither the charged N-terminus nor the hydrophobic C-terminus was closer to the bilayer surface. Then the peptide underwent rigid-body rotation so that either the N-terminus or the C-terminus was close to the bilayer surface. Although these extra initial conditions cannot fully overcome sampling issues associated with limited timescales of MD simulations, the multiple free-energy calculations from the three initial conditions at each pH on DPPC and DOPS will improve the validity of the calculated free-energy profile. For each initial configuration, the random coil peptide was solvated with SPC/E water molecules, Na þ or Cl À counterions, and NaCl salt in a 6.4 nm Â 6.4 nm Â 4.2 nm box. This peptide box was then placed above the equilibrated DPPC or DOPS bilayers, and a similar box of SPC/E water and ions without the peptide was placed below the bilayer for symmetry purposes. This resulted in a system of 1 Ab peptide above a bilayer of 128 lipids with SPC/E water molecules and Na þ or Cl À ions in a 6.3 nm Â 6.3 nm Â 15.8 nm box for simulations with DPPC (Table 2 a) and one peptide above a bilayer of 128 lipids with SPC/E water molecules and Na þ or Cl À ions in a 6.3 nm Â 6.3 nm Â 16.1 nm box for simulations with DOPS ( Table 2 b ). The COM separation for Ab and the DPPC or DOPS bilayer in this initial configuration file was between 6.3 nm and 6.6 nm. For each initial configuration, a short 3 ns equilibration simulation was performed. In these simulations, the z-dimension of the peptide was constrained so that the peptide-bilayer COM separation would remain greater than 6.0 nm but the system would still be able to equilibrate. The simulation details of this short equilibration were the same as for the previous unconstrained simulations except that a 1 fs time step was used. For the umbrella sampling (63,64), 14 windows were chosen. These windows spanned the peptide-bilayer COM separations from 6.0 nm to 2.1 nm. Therefore, the spacing between each window was 0.3 nm, which would enable sufficient sampling. Further, this range of distance allows the peptide to be pulled from a full solvated, solution-like environment onto the surface of the bilayer and then into the interfacial region of the bilayer. Biophysical Journal 96(3) 785-797
The pulling was accomplished by applying a harmonic force with a force constant of 500 kJ/(mol*nm 2 ). For each window with the parallel initial configuration, an 80 ns MD simulation was performed. After error analysis was performed on the 80 ns MD simulations, it was determined that 40 ns simulations were sufficient to provide an error of 54.1kcal/mol for the free energy of binding, which is adequate for the free energies calculated in this work. Error analysis was performed with the use of a block error analysis scheme. In this scheme, a 40 ns simulation was broken into smaller blocks and the average value and standard deviation for the potential of mean force at each COM separation was calculated. The maximum standard deviation converged to 4.1 kcal/mol after the simulation was split into blocks, for up to a total of 30 blocks. Thus, only 40 ns MD simulations were performed in each window for the N-terminus down and C-terminus down initial configurations. The computational details of the simulations performed in each window were exactly the same as in the previous unconstrained simulations except that a 3 fs time step was used. Again, the system used a constant volume (NVT) ensemble with periodic boundary conditions along all three dimensions with a constant temperature of 323K. For each window, secondary structure was calculated using the DSSP program (56) in GRO-MACS. Free energy was calculated for each configuration using the weighted histogram analysis method (WHAM) (65) adapted for in-house code. The COM fluctuations from the second 40 ns of the parallel initial configuration MD simulations were used for free-energy calculations to maintain a consistent 40 ns simulation time among all initial configurations, while the COM fluctuations from the full 40 ns MD simulations for the N-terminus down and C-terminus down initial configurations were used for free-energy calculations. To calculate an averaged free energy of binding for the three initial configurations of Ab at each pH on either DPPC or DOPS, the COM fluctuations for all three initial configurations were combined and then analyzed using WHAM. If the free energies for each initial configuration are calculated with WHAM and then averaged by obtaining an unweighted average of the sum of the exponentials of individual potentials of mean force, as previously described (66), one can also get a potential of mean force if enough orientationally dependent potentials are included in the unweighted average, and if the peptide is a rigid body. Since both of these conditions are strongly violated in our case, we expect that this method will produce a large error. Thus, we calculated the free energies by combining the COM fluctuations and then analyzing them with WHAM. Nevertheless, we also calculated the free-energy curves for each initial orientation of the peptide to perform a contact value analysis. A contact value for Ab binding to the bilayer was calculated for each umbrella sampling window throughout the umbrella sampling simulations. Contact was defined as a separation of less than 5Å in the Z-coordinate between any atom on a given amino acid and the average position of the phosphate atom in the lipid headgroup, which was calculated using the 64 phosphate atoms on the bilayer leaflet that Ab was closest to. The residue was given a contact value of one if any atom in the amino acid was within 5Å of the average phosphate, and a contact value of zero if it was not. Contact values were calculated for all amino acids in Ab and averaged over all time steps in the simulation, which gives contact values between zero (no contact) and 42 (full contact/binding) for a given umbrella sampling window. The contact values were then used to calculate a 2D free-energy surface using the unweighted probabilities obtained from the abovementioned WHAM calculations on the COM separation coordinate and conditional probabilities calculated from the distribution of contact scores within each umbrella sampling window.
RESULTS
Simulations in solution
Initial simulations were performed with the 42-amino acid Ab peptide in solution. These simulations were used as a test of the protein force field to determine whether experimental solution structures would be obtained during simulations starting from ordered structures. Further, these simulations provide a baseline for comparison with the results from simulations of Ab-lipid systems. Two initial structures were chosen for these simulations to eliminate any bias due to the starting configuration ( Fig. 1 ; see Materials and Methods for further details of the structures). Both structures were fully solvated with appropriate counterions and with NaCl salt. The simulations were performed with a 1 ns equilibration followed by a full 80 ns simulation. The secondary structure of both the helix and b-hairpin starting structures changed drastically throughout the simulation. Both the helix and the b-hairpin structures lost the majority of the ordered structure content to become a full random coil (Table 3) . These results agree with previous experimental NMR (7, 8) and CD (8) results, as well as previous simulations (36, (39) (40) (41) (42) 45) , which showed that Ab has a random coil structure in solution at pH 7.
In the studies of Ab interactions with bilayers of various lipid headgroup charges, lipids with anionic headgroups were used as a model system. It has been shown that anionic lipids can lower the pH (17-19) of solution near the bilayer, which will in turn alter the protonation state of proteins near these bilayers. Calculations (19) fitting experimental data with Ab bound to anionic palmitoyloleoylphosphatidylglycerol (POPG) lipids show that protonation of the three histidine residues upon binding does occur, which further supports the use of multiple pH states to study Ab binding. Therefore, we also investigated various protonation states of Ab near bilayers. Similarly to the previous simulations . Not only will studies with these three pH states provide insight into the effect of pH on Ab structure in solution and near lipid bilayers, the use of an anionic, neutral, and cationic peptide will demonstrate the direct importance of electrostatics on peptide-charged bilayer interactions. From our simulations, we observed that both initial peptide structures at pH 5 and the helical peptide at pH 3 essentially lost all secondary structure during the simulation, resulting in a random coil as the final structure (Table 3) . For the b-hairpin starting structure at pH 3, the final structure was not completely random coil but had some transient turn content. Thus, this final configuration can be considered as having some transient order because a turn (67) is not purely random-it is a somewhat intermediate structure.
Nevertheless, this amount of ordered structure at pH 3 is small, and it can be concluded that a random coil was the primary structure for Ab in solution regardless of the starting structure used in the simulation and the total charge on the peptide.
Simulations near DPPC and DOPS bilayers
The results from the simulations of Ab in solution were then extended to simulations of Ab with a zwitterionic DPPC bilayer or an anionic DOPS bilayer. For simulations on the fluid DPPC and DOPS bilayers, both the helix starting structure and b-hairpin starting structure were again used. Also, simulations were performed at all three charge states for the Ab peptide. Although a DPPC bilayer would not affect local pH (19) and thus not induce protonation state changes on Ab, performing these simulations of Ab near neutral lipids can provide insight into the role of the protonation state on the structure of Ab near a surface with which it should not extensively interact. The results of the simulations in solution demonstrate that 80 ns is an adequate simulation time to allow for the peptide to undergo significant conformational flexibility, considering the computational restraints. Although it was possible for Ab to pass through the upper periodic boundary and interact with the bottom leaflet of the bilayer in the chosen simulation setup, this did not occur during simulations because Ab was clearly attracted to the surface of the DPPC bilayer and was near the upper leaflet surface for the majority of the simulation time. Near the DPPC bilayer, the helix starting structure at each peptide pH unfolded into a structure dominated by random coil and turns, whereas the b-hairpin starting structure unfolded into a full random coil, similar to the simulations performed in solution (Table 3) . For these simulations, it is clear that, although Ab was attracted to DPPC near the bilayer surface, the DPPC bilayer did not affect the overall secondary structure content of peptide. These results agree with previous experimental results (19) (20) (21) showing that vesicles composed of neutral lipids do not alter the secondary structure of Ab when mixed. Near the DOPS bilayer, analogously to the simulations with DPPC, Ab was attracted to the surface of the bilayer in all simulations, independent of peptide charge. For simulations involving the helix starting structure at all three pH values, the DOPS bilayer strongly enhanced the helical structure, especially near the N-terminus of the peptide (Table 3) . For the b-hairpin starting structure, the b-hairpin configuration was mostly retained at pH 7 and pH 5, with some turn structure also developing. At pH 3, the b-hairpin unfolded slightly into a structure dominated by turns. Therefore, it appears that the DOPS bilayer influences the secondary structure of Ab so that the random coil observed in solution or near a zwitterionic bilayer is not formed. These results agree to a certain extent with previous experimental measurements ( [19] [20] [21] that showed a significant secondary structure in Ab near anionic lipids; however, the time restrictions inherent to MD simulations prevent observation of any significant secondary structure change on the surface of DOPS bilayers. These previous experimental measurements demonstrated that a random coil Ab in solution will be converted to a b-sheet dominated structure upon addition of anionic vesicles (19) (20) (21) 68) , which can be converted to an a-helix upon further addition of anionic vesicles. Although the time constraints of these simulations limit the potential structural conversion for a single peptide, they also show that the anionic bilayer stabilizes both the b-structure and helix structure. The qualitative results of simulations with Ab near DPPC and DOPS prompted us to further study this system using a more quantitative method to help elucidate why Ab appeared to be attracted to the bilayer surface regardless of the peptide charge or bilayer charge.
Umbrella sampling simulations
To describe the Ab-bilayer interactions by means of a quantitative method, umbrella sampling techniques were used. Umbrella sampling (63-65) determines a free energy of binding of Ab to the surface of the lipid bilayer using a systematic routine. For these simulations, the initial Ab structure was taken to be the final structure of the Ab simulations in solution from starting b-hairpin structures. The final structures of the Ab b-hairpin simulations in solution had very little ordered structure and were predominantly random coil. Therefore, the use of these random coil starting structures for umbrella sampling simulations will closely mimic the experimental conditions of an Ab peptide in solution, which has a mostly random coil structure (7, 8) , approaching a cell membrane. Further, for each starting structure, three initial configurations of Ab with respect to the bilayer surface were used: one with the N-terminus of
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Ab close to the bilayer surface, one with the C-terminus of Ab close to the bilayer surface, and one in which Ab is parallel to the bilayer surface so that neither terminus is closer to the bilayer. The use of three initial configurations will improve the sampling of the free-energy calculations (see Materials and Methods section for further details). From these simulations, a free energy of binding for Ab from solution to the bilayer surface can be calculated and compared with experimental predictions.
The calculated average free energies of binding are listed in Table 4 and presented as free-energy profiles in Fig. 2 . As predicted from the unconstrained MD simulations, Ab was attracted to the bilayer surface independently of the Ab charge or bilayer headgroup charge. For calculations on the DPPC bilayer, Ab at all pH values had DG binding z À16 kcal/mol to À19 kcal/mol (DA was actually obtained in our calculations, but, as is common for condensed systems, DGzDA). This reduces to a DG binding zÀ0.4 kcal/mol*residue, which is close to previous experimental predictions for peptide-lipid binding interactions (68) . For calculations on the DOPS bilayer, the free energy of binding depended significantly on the Ab charge. The free energy of binding for the pH 5 and pH 3 Ab were within error (54.1 kcal/mol, as described in the Materials and Methods section) of free energies of binding for Ab with DPPC. However, the free energy for binding of the anionic pH 7 peptide to DOPS was less then half of the binding free energy of the pH 5 and pH 3 peptide to DOPS. This discrepancy in binding free energies is likely due to the interplay of electrostatic interactions with lipid headgroups and interactions between the hydrophobic residues of Ab and the interfacial region of the bilayer. For the highly negative free energies of binding on DPPC or DOPS, the majority of favorable interactions between the peptide and bilayer, which lead to the large, negative free energy of association, are derived from the interactions between the hydrophobic residues of Ab and the interfacial region of the bilayer. However, for the pH7 peptide binding to DOPS, although the hydrophobic C-terminus of the peptide allows for a negative free energy of association for Ab to DOPS, the anionic DOPS headgroups, even partially screened by Na þ counterions, interact strongly with the charged N-terminus of Ab and prevent the full association of the peptide with the interfacial portions of DOPS.
Along with the magnitude of the free energy of binding, the free-energy profiles from these umbrella sampling calculations provide further information about the system (Fig. 2) . The free-energy profiles supply some insight into the length scales for binding events. In the profiles, the free energy decreases smoothly as the peptide approaches the bilayer. For some of the Ab-bilayer combinations, such as Ab at pH 3 approaching a DOPS bilayer, small barriers are present in the free-energy profiles. These barriers have values in the range of 0.1-0.2 kcal/mol and are therefore insignificant at the considered temperature. Thus, the point in the freeenergy curve in which the free energy begins to decrease marks the distance at which Ab becomes significantly attracted to the bilayer surface. For Ab binding to the DPPC bilayer and the pH 7 peptide binding to the DOPS bilayer, this distance is at a COM separation of 4.5 nm. For the pH 5 and pH 3 peptide binding to the DOPS bilayer, this distance is at a COM separation of 5.1 nm. Considering a bilayer leaflet thickness of~2-2.5 nm, the COM of the peptide is separated from the bilayer surface by over 2 nm at these COM distances, which is a significant length and is not appropriate for the interactions with the interfacial region of the bilayer that may be driving this binding. Thus, to better understand this binding and to demonstrate that this COM separation can be a deceiving coordinate, we calculated a contact value during the binding process (see Materials and Methods for details). In short, a value of one is assigned to any residue of Ab that is bound to the interfacial region of the bilayer, and a value of zero is assigned to any residue that is not bound. This value is calculated for each residue and averaged over the full simulation. The contact value is calculated for every window in the umbrella sampling, and a 2D free-energy surface as a function of COM separation and number of contacts is determined (Fig. 3) . The plot shown in Fig. 3 for the parallel initial configuration of the pH 7 Ab peptide binding to DPPC is characteristic of most freeenergy profiles for binding. At large COM separations, there is no contact between any amino acids and the bilayer surface. Then, at distances of~4 nm to 4.5 nm, the first amino acids of Ab come in contact with the interfacial region of the bilayer, as shown in snapshot 1. As free energy begins to decrease significantly, more amino acids come into contact with the bilayer surface, as shown in snapshot 2. Finally, at the free-energy minimum, 90-95% of amino acids are in contact with the bilayer surface and the peptide is clearly bound to the interfacial region of the bilayer, as shown in snapshot 3. Snapshot 3 also demonstrates the parallel binding of the Ab peptide to a DPPC bilayer, which was previously mentioned as a causative factor in the large, negative free energy of binding of Ab to DPPC. Further, the free-energy surface shows that the most probable path taken for binding is that the Ab peptide will approach the bilayer surface without making significant contact. Then, once the peptide is close to the bilayer surface at COM separations around 4 nm (snapshot 1), the peptide will begin to quickly make contact with the bilayer surface and the free energy will drop drastically as the peptide approaches the surface (snapshot 2) and tightly binds with the surface (snapshot 3). An alternate path in which the peptide creates contacts monotonically as it approaches the bilayer surface is not favored because it requires many more contacts at a given COM separation, which would force the peptide to extend and expose hydrophobic residues to solvent to ensure a free energy similar to that of the more favored binding path. Of interest, the pH 7 Ab peptide has a lower number of total amino acids in contact with the DOPS bilayer surface at the free-energy minimum (only 36 of 42 amino acids are in contact, compared with 40 of 42 amino acids in contact in the other systems). This lower extent of contact between the anionic peptide and DOPS, due to electrostatic repulsion on the bilayer surface, helps to explain the smaller free energy of binding of pH 7 Ab to DOPS even though the contact of 36 amino acids to the bilayer surface provides a favorable free energy of binding and drives the binding process. Further, the use of this contact score demonstrates that the large COM separations described by the free-energy profiles are still compatible with binding driven by association of the peptide with the interfacial region of the bilayer. Finally, the radius of gyration of Ab was calculated as a function of COM separation (data not shown). For all peptidebilayer combinations, the radius of gyration was constant until the peptide began to make contact with the bilayer surface. The radius of gyration then increased and peaked as the peptide made extensive contacts with the bilayer surface. Once the peptide had made a significant number of contacts with the bilayer surface, the radius of gyration decreased to a value slightly lower than the prebinding level and remained constant as the peptide finished the binding process. These radius-of-gyration calculations demonstrate that, similarly to the contact score calculations, the peptide alters its structure to make extensive contacts with the bilayer as it begins to interact with the bilayer surface. Along with inspecting quantitative aspects of Ab binding to the bilayer surface by using umbrella sampling, we were able to analyze the secondary structure of Ab throughout the process. Because each umbrella involved an MD simulation with a restrained COM separation (63) (64) (65) , secondary structure analysis could be performed at each window for the entire simulation time. In these simulations, only the earliest stages of binding could be investigated due to the temporal limitations of simulations. In the Ab-membrane binding process, we expect that the majority of conformational change will FIGURE 3 Free energies of binding of parallel pH 7 Ab to the DPPC bilayer as a function of Ab-bilayer COM separation and number of contacts. The surface shows (using the scale next to the figure) the relative free-energy change in units of kcal/mol as the peptide binds to the bilayer surface. Other peptide-bilayer combinations showed a similar free-energy surface. The snapshots represent points along the binding trajectory and show the extent of contact at 1), 4.2 nm; 2), 3.0 nm; and 3), 2.1 nm COM separations.
Biophysical Journal 96(3) 785-797 occur after significant binding has occurred. Therefore, the secondary structure analysis will provide insight into the earliest stages of conformational change and may help to predict any significant secondary structure change that occurs after binding. For all bilayer and Ab combinations, the secondary structure was not greatly affected until the peptide came in full contact with the bilayer surface. Upon full contact with the bilayer surface, the secondary structure was influenced by the bilayer. For the simulations on a DPPC bilayer, the secondary structure remained a random coil. This is exactly as expected for the zwitterionic DPPC based on the unconstrained simulations mentioned above and in experimental results (19) (20) (21) . For simulations on the DOPS bilayer, both turn and b-structure content increased upon contact with the bilayer for all Ab pH regimes, similarly to the previous unconstrained simulations near the DOPS bilayer. However, these resultant transient b-structures were not nearly as well ordered as the b-hairpin (9) used in the initial unconstrained simulations and thus they only represent an intermediate Ab structure. The DOPS bilayer was able to introduce some ordering of the Ab peptide, but not enough to fully structure a single peptide. Similarly to the unconstrained simulations, the time restrictions imposed by allatom MD simulations prevent observation of significant secondary structure changes on the timescales analyzed here. Other methods, such as parallel tempering, may be required to observe any structural change, or it may be that the structural changes observed in the experiments are due to protein-protein interactions formed in oligomers and are not stable on the single-peptide level.
Unconstrained simulations at free-energy minima
To study the effect of peptide-lipid interactions occurring on the bilayer surface of the Ab-bilayer system, we performed the density-profiles analysis presented in Fig. 4 . Density profiles for the system were calculated using GROMACS utilities (50, 51) . To ensure that the COM constraints did not influence the distribution of the peptide on the bilayer surface, unconstrained MD simulations were performed. For each of these simulations, the final structure from the umbrella sampling simulation in the window that was closest to the free-energy minima was chosen. For all three Ab-DPPC simulations, the 2.1 nm COM separation window was closest to the free-energy minimum and was thus used for the initial structure of unconstrained simulations. For the Ab-DOPS simulations, the 2.4 nm COM separation window final structures were used. The computational details of these simulations were exactly the same as for the previous umbrella sampling simulations except that the harmonic potential restraint was removed and each simulation was performed for 80 ns. The density profiles plotted in Fig. 4 were taken from the initial configuration with a free-energy profile closest to the average free-energy profile, which indicates that this initial configuration is the heaviest weighted initial configuration for the calculations. Thus, the density profiles plotted with DPPC were pH 7: parallel initial configuration, pH 5: N-terminus down initial configuration, and pH 3: C-terminus down initial configuration; with DOPS they were pH 7: C-terminus down initial configuration, pH 5: parallel initial configuration, and pH 3: parallel initial configuration.
Ab was separated into two segments for density calculations: residues 1-22, which are primarily charged and hydrophilic residues, and residues 23-42, which are primarily hydrophobic residues. In these density plots, both the charged and hydrophobic sections of Ab on DPPC appear to be clearly bound to the bilayer where interactions with the interfacial regions of the bilayer dominate. At all pH values on DPPC, the charged section of Ab and the hydrophobic section of Ab overlap significantly with the interfacial portions of the DPPC density, creating an Ab distribution wherein Ab is parallel to the bilayer surface at the interface of the hydrophobic sections of the bilayer. Although these possible hydrophobic interactions with the bilayer may not involve hydrophobic insertion of the peptide into the bilayer core, binding to the interfacial region of the bilayer will lead to removal of water from the peptide and subsequent interactions with the interface of the hydrophobic core of the bilayer, which drives the binding. For Ab on DOPS, it is clear that electrostatic interactions influence the distribution of the peptide on the bilayer surface due to different peptide density distributions concurrent with pH. At pH 7, the charged section of the peptide is repelled from the bilayer surface and remains outside of the bilayer density, whereas the hydrophobic section of Ab is clearly distributed in the interfacial region of the bilayer. This creates a peptide distribution wherein Ab, at pH 7, is situated almost perpendicular to the bilayer surface, with the hydrophobic region interacting with the bilayer interfacial region and the charged section repelled from the surface (Fig. 5) . For the pH 5 and pH 3 Ab on DOPS, the charged and hydrophobic sections of the peptide both clearly overlap with the DOPS density. However, overlap of the hydrophobic section of Ab with the interfacial region of the bilayer is still more extensive then overlap of the charged section of Ab with the interfacial region of the bilayer (Fig. 4) . Also, in comparison to the distribution of Ab on the DPPC bilayer, pH 5 and pH 3 Ab is more solvent-exposed and less tightly bound to the interfacial surface of the bilayer, as indicated by both the lower overlap of either region of the peptide with the DOPS bilayer in comparison to the significant overlap of both regions of Ab with the DPPC bilayer, and snapshots from the simulations (Fig. 5) . These peptide and lipid charge-dependent density distributions of Ab on the bilayer surface clearly demonstrate the effect of both electrostatic and interfacial interactions with this region of the bilayer and may play a role in the availability of Ab for peptidepeptide interactions near the bilayer surface, which drives aggregation.
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DISCUSSION
The results obtained from simulations with the 42 amino acid Ab peptide provide insight into the detailed interactions that occur between Ab and lipids on the surface of a pure lipid bilayer. The unconstrained simulations both in solution and near a DPPC or DOPS membrane demonstrate that the MD techniques used in this study can effectively replicate various experimental results. During the simulations in solution, Ab unfolded into a random coil peptide from ordered starting structures. Near bilayers, Ab was attracted to both the DPPC and DOPS bilayers over the short length scales used in these simulations. The DOPS bilayer stabilized the secondary structure to a greater extent than the DPPC bilayer. These results support previous experimental work using CD and NMR spectroscopy (19) (20) (21) , which demonstrated that the addition of anionic vesicles to a solution of random coil Ab peptides leads to a significant change in the secondary structure of the peptide, whereas the addition of zwitterionic vesicles does not affect the peptide structure.
In this work, the most insightful results were derived from the umbrella sampling simulations on DPPC and DOPS bilayers. Not only did these calculations provide quantitative details for the extent of attraction of Ab to the bilayer surface FIGURE 4 Density profiles of Ab on DPPC and DOPS bilayers calculated from 80 ns simulation at the COM separation closest to the free-energy minima of profiles in Fig. 2 . All plots on DPPC are taken at a COM separation of 2.1 nm. All plots on DOPS are taken from simulations at a COM separation of 2.4 nm. The ''Ab charged section'' refers to residues 1-22 of the peptide, and the ''Ab hydrophobic section'' refers to residues 23-42. through free energies of binding, the setup of these simulations allowed for detailed analysis of peptide structure and distribution as Ab systematically approached the bilayer surface. This analysis revealed intriguing aspects of the Ab-bilayer system. The umbrella sampling simulations provided insight into the distribution of Ab on the bilayer surface dependent on peptide and lipid headgroup charges. From the density profiles in Fig. 4 and the simulation snapshots in Figs. 3 and 5 , it is apparent that electrostatic interactions at the bilayer surface greatly influence peptide distribution. On the DPPC bilayer, Ab, independently of peptide charge, sits essentially parallel to the bilayer surface near the interface between the headgroup and hydrophobic core regions of the bilayer. This orientation maximizes interactions with the interfacial region of the bilayer throughout the peptide without completely burying hydrophilic and charged residues found on the N-terminus of the peptide in the bilayer core. On DOPS, Ab does not adopt this parallel arrangement and instead promotes a much more superficial interaction with the bilayer surface for the neutral (pH 5) and cationic (pH 3) Ab peptides. Further, for the anionic pH 7 peptide, an almost perpendicular arrangement is observed wherein the hydrophobic C terminus of the peptide interacts with the hydrophobic core of the bilayer while the hydrophilic N-terminus becomes solvent-exposed. This configuration results from the interplay of interfacial association of C-terminal tail of the peptide with the hydrophobic core of the bilayer and electrostatic repulsion between the anionic N-terminal tail and anionic lipid headgroups. Thus, for the neutral and cationic Ab bound to DOPS, the energetically favorable electrostatic interactions between the peptide and the lipid headgroups prevent the extreme solvent exposure of the N-terminus. However, these electrostatic attractions between the charged headgroups and the N-terminus amino acid side chains also prevent the tight association of the N-terminus with the interfacial region of DOPS, in contrast to the peptide distribution on DPPC. This attraction near the headgroup region of DOPS with the pH 5 and pH 3 peptides promotes a more solvent-exposed distribution of the N-terminus of the peptide, which forces the entire peptide to be bound less tightly to the bilayer interface and thus more exposed for protein-protein interactions that may drive oligomerization on the bilayer surface. Therefore, the charge on Ab during binding to an anionic bilayer surface will significantly influence the distribution of the peptide upon nonspecific binding.
Further, secondary structure analysis during the binding process provides some insight into the computational approach to this system. Any peptide secondary structure change required that the peptide be in full contact with the bilayer, which occurred near the free-energy minima presented in Fig. 2 . Even though the peptide began to make contact with the bilayer at large COM separations, secondary structure change was only seen when the peptide was in full contact with the bilayer at COM separations of 2.1-2.4 nm.
Further, this secondary structure change was not very extensive. Only in the extreme case of a pH 3 peptide on a DOPS bilayer was any secondary structure change observed. For the more physiologically feasible pH 5 peptide on DOPS, there was some transient stabilization of b-structure, but not to the extent of formation of a distinct b-structure as in the predicted fibril structure of Ab. Therefore, our results appear to support the hypothesis that the bilayer cannot fully order a single peptide into a fibril-like structure, but likely acts to stabilize an intermediate state that is aggregationprone. Further, recent results indicate that the b-structure observed in Ab fibrils is not formed from a single peptide but is a b-structure shared between two Ab peptides (10) . If these structural predictions hold true, we are unlikely to see any physiologically relevant formation of a b-hairpin in these simulations, as b-structure formation would be due to peptide-peptide interactions facilitated by the bilayer surface. It is also possible that the 40 ns timescales used in this simulation are not adequate for observing significant secondary structure changes. The 80 ns unconstrained MD simulations at the free-energy minima were also analyzed for secondary structure change, and very little structural change was observed. Throughout 120 ns of combined unconstrained and constrained MD simulations at the freeenergy minima, secondary structure change was transient at best. Thus, approaches such as replica exchange, similar to some previously performed work (69), or coarse-grained MD will likely be required to adequately explore Ab secondary structure formation on the bilayer surface.
The results of this work lead to a rough mechanism for elucidating how the detailed balance between electrostatic and hydrophobic forces on the bilayer surface may affect Ab aggregation. Initially, the Ab peptide is brought close to the surface of a bilayer due either to diffusion (through interaction with sugar groups on lipids, such as gangliosides) or to cleavage from the amyloid precursor protein. Once the peptide is close enough to the surface, it will favorably bind with the lipids. If this binding occurs on a mostly zwitterionic bilayer, the peptide will strongly interact with the interface at the hydrophobic core of the bilayer, as seen in the density profiles of Fig. 4 , thus precluding extensive interactions with other nearby peptides and preventing any secondary structure change, in agreement with previous experiments (19) (20) (21) . However, if this binding occurs on an anionic bilayer, the peptide will not be as strongly associated with the bilayer core and will be more exposed to the solvent and other bound peptides. If the anionic headgroups on lipids are able to lower the local pH by one to two units, the hydrophobic portion of the peptide will become exposed, as demonstrated in density profiles in Fig. 4 , and more likely to interact with other nearby peptides, thus driving oligomerization. Also, previous research (11) has shown that fibrilization occurs more rapidly in solution at a lower pH (z5). Therefore, lowering pH near the anionic lipid surface may also promote aggregation by intrinsically increasing protein-protein interactions through Biophysical Journal 96(3) 785-797 a reduction in the electrostatic repulsion between peptides, which, along with altering peptide distribution on the bilayer, will promote oligomer formation. On the basis of previous structural determinations (10) , it is likely that the resulting peptide-peptide interactions on the bilayer surface will drive the secondary structure changes observed in experiment (19) (20) (21) and promote fibrilization. Therefore, an anionic lipid membrane appears to promote aggregation by 1), increasing peptide diffusion by altering diffusion from a 3D to a 2D process; 2), locally increasing Ab concentration on the bilayer surface due to the highly favorable free energy of binding; and 3), decreasing the local pH on the bilayer surface to promote an Ab configuration that would be amenable to protein-protein interactions that can drive oligomerization.
Many aspects of this system remain to be elucidated by future MD simulations. As mentioned above, it would be very interesting to employ replica-exchange MD to analyze Ab secondary structure changes and determine the direct role of the bilayer on peptide secondary structure near the bilayer surface. Further, simulations using multiple peptides on the bilayer may provide insight into the role of peptide-peptide interactions on early oligomer formation near the bilayer surface. Finally, a study similar to a previous replica-exchange MD investigation (69) using the WALP peptide on the DPPC bilayer, in which both bilayer surface binding and peptide insertion into the bilayer core were simulated with subsequent calculation of a 2D free-energy surface, would be very informative for this system. For the study presented here, which examines only Ab binding to the bilayer surface, a 2D free-energy surface calculation using a second reaction coordinate similar to the extent of helix formation used in the WALP-DPPC study is not applicable. However, Ab binding and insertion could be studied using a similar order parameter, and a free-energy surface for the full process could be calculated. Performing such a study on the full insertion process would provide great insight into a full range of Ab-bilayer interactions that would only be available on the detailed scale of MD simulations. Thus, future experimental and computational endeavors with Ab on the bilayer surface will be integral to confirming that the structural change observed in experiment is due to protein-protein interactions that occur during the early stages of oligomerization, and essential for further characterizing the influence of anionic membranes on Ab aggregation in Alzheimer's disease.
